Overall, the thiol-based resins had the best performance when removing low concentrations of mercury in water at two U.S. Department of Energy facilities in field experiments. It was difficult to achieve the targeted low nanogram-per-liter levels at both sites; however, a substantial amount of mercury was removed by the resins. This is attributed to the mercury speciation, since filtration tests have shown that a significant portion of the mercury at each test location is particle bound or associated with particulate and colloidal matter.
The engineered Self-Assembled Mercaptan on Mesoporous Silica (SAMMS) material proved to be as effective as some of the commercial sorbents in removing mercury at the Nonradiological Wastewater Treatment Plant (NRWTP) at Oak Ridge National Laboratory. The material performed almost as well as some of the best sorbents at the Upper East Fork Poplar Creek site at the Oak Ridge Y-12 Plant. The most effective sorbents were SAMMS; Keyle:X, by SolmeteX, Inc.; and SIR-200, by ResinTech, Inc. It was also found that the Keyle:X performed better at the NRWTP when the water was pretreated with hypochlorite to oxidize some mercury species.
Because of the scattering of data, mathematical modeling was limited to predicting the behavior of active mercury. Since the field samples contained a substantial amount of particle-bound mercury, the mathematical models did not represent the field data very well. Nevertheless, it was useful to predict the performance of these sorbents at very low concentrations of mercury. Mathematical modeling was also used to investigate the possible wall effects in the small-scale studies. Based on a theoretical derivation of relationships, supported by the field data, it was concluded that wall effects played a very minor role in the experiments. The most important factor that governed the performance of the sorbents at high flow rates was the diffusion of mercury inside the sorbent. It was found that the values for the effective diffusivities were quite high, possibly due to blockage of macropores by the particulates.
Estimation of construction costs for treatment system indicated that the specialized sorbents would have to operate at flow rates 3 to 6 times higher than that of a comparable granular activated carbon (GAC) viii system in order to have the same construction cost. The sorptive capacity of the specialized sorbents would need to be substantially higher than that of the GAC.
PROJECT DESCRIPTION
Researchers in the Chemical Technology Division at Oak Ridge National Laboratory (ORNL) have engaged in several activities related to field and laboratory testing of sorbents and chelators for removal of mercury from water.
The objective of this study was to compare a sorbent developed by the U.S. Department of Energy (DOE) with commercially (or near commercially) available ion-exchange or sorption resins. The scope of the study included small-scale batch testing, short-term kinetic studies, and long-term studies at two field sites. 
WASTE STREAM INFORMATION

UEFPC
The UEFPC receives water from various sources, some of which have already received limited mercury treatment. The field testing at the Y-12 Plant was conducted on the bank of the creek at a location known as Outfall 200. The decision to test at this location was made after discussions with environmental restoration staff at the Y-12 Plant. The treatment standard for the water at this site is under negotiation with the state of Tennessee, and current estimates indicate that it may be in the range of 12 to 51 ng/L. 
NRWTP
The limit for mercury in the effluent from the NRWTP at ORNL was reduced to 19 ng/L (monthly average) by a 1997 NPDES permit. This value is well below the current effluent concentration. Because this new mercury limit is being appealed, it is not currently being enforced. However, experimental work was performed to determine the feasibility of meeting such a limit. The NRWTP flowsheet includes filtration using dual-media columns, an air stripper, and granular activated carbon (GAC) columns. The activated carbon columns at the NRWTP provide most of the mercury removal. The water flow rate at the NRWTP is typically 350 gal/min (1324 L/min). The mercury concentration before treatment by the GAC columns is about 200 ng/L, but this concentration fluctuates widely. The pH of the stream is approximately 8.
METHODS
MERCURY SORBENTS
Many sorbents have been developed for the removal of mercury and heavy metals from waters; however, the majority of data published to date do not address the removal of mercury to the target levels represented in this project. The application for which these sorbents are targeted for use is in the removal of mercury from microgram-per-liter levels to low nanogram-per-liter levels. As part of this work, the availability of sorbents designed for removal of mercury from water was surveyed. Sorbents with thiouronium, thiol, amine, sulfur, and proprietary functional groups were selected for these studies.
Several commercial macroporous polystyrene/divinylbenzene resins with (iso)thiouronium functional groups are available for mercury adsorption. These types of sorbents have been found by Sybron Chemicals, Inc., to bind ionic mercury(II), methyl mercury, and elemental mercury, but the solvents cannot be regenerated. They perform best at pH values between 0 and 6. At higher pH levels, the thiouronium group is converted to a thiol group. 
EXPERIMENTAL PROCEDURE FOR ISOTHERM EXPERIMENTS
The batch sorption experiment was conducted with water collected from East Fork Poplar Creek at
Outfall 200 at the Y-12 Plant. The water was collected after passing through a 1-µm filter.
The batch isotherm samples were run in 250-mL I-Chem bottles with Teflon-lined closures. Various amounts of sorbent masses were mixed on a Labquake® shaker for 24 h at room temperature (22 to 24ºC). The aqueous phase was separated by using a filter and transferred to a clean 125-mL I-Chem bottle prior to refrigeration, shipment, and analyses. The sample set included several quality control samples. Further details about the procedure have been previously published.
EXPERIMETAL PROCEDURE FOR COLUMN STUDIES
The test systems, operated in the field at ORNL and the Y-12 Plant, consisted of a 1-µm (nominal pore size) filter cartridge, a set of flow meters, and a corresponding set of columns. Each of the columns had an inside diameter of 25 mm and was packed with 70 mL of sorbent to a height of approximately 125 mm (Fig. 1) . A schematic diagram of the test system may be found in Fig. 2 . A constant-pressure water supply was available at both sites -at ORNL as a slipstream from the wastewater treatment plant (just upstream of the existing GAC columns) and at the Y-12 Plant via a submersible pump in the creek. Two types of studies were performed, the first of which was a short-term study at various flow rates. The experiment was started at a flow rate of about 7 mL/min [0.1 BV/min]. Samples were taken from each column after 20 and 24 h of operation, and the flow rate was then increased to a new setting. This sampling procedure was repeated, and the flow rate was again increased. After samples had been collected at the highest flow rate, the flow rate was decreased to 7 mL/min and samples were collected again. Some of the samples were collected and filtered before mercury analysis. Further details about the short-term column studies have been previously published. 4, 6 The long-term studies utilized the same column setup as that described for the short-term studies, but a single flow rate was studied over an extended period of time before the rate was changed. Flow rates of 0.3 and 0.15 BV/min were studied at the NRWTP; at the UEFPC, 0.95 and 0.35 BV/min were used. One of the sorbents (Keyle:X) was tested with pretreated water. The pretreatment consisted of a 1-L mixing jar in which a hypochlorite bleach solution was introduced to achieve a total chlorine level of 1-2 mg/L.
MERCURY ANALYSIS
Samples were collected in clean 125-mL I-Chem bottles, refrigerated, and then shipped for analysis at an off-site laboratory (Frontier Geosciences, Inc., Seattle, WA). The samples were oxidized with BrCl; then an aliquot was analyzed by SnCl 2 reduction, dual gold amalgamation, and cold vapor atomic fluorescence detection. 7 A few samples were analyzed without using the BrCl in order to measure the chemically active (ionic and elemental) mercury, which would be readily accessible to the sorbents. Unless noted, all samples were collected unfiltered.
RESULTS OF EXPERIMENTAL STUDIES
BATCH EXPERIMENTS
The sorption capacity (K D , equal to loading divided by equilibrium concentration) was calculated -loss of mercury was attributed primarily to sorption on equipment walls. A sorption ratio for the "walls" was calculated by assuming that the initial mercury concentration, [Hg] 9 , was represented by the untreated stream sample (see Appendix, sample 9) that was immediately refrigerated (plus any spike 
(
The K D for each sample was then calculated as follows:
( 2 )
An example of an isotherm plot generated during the studies is shown in Fig. 3 . Similar plots for the other sorbents have previously been published. 5 It is clear from the results that SIR-200 was able to remove mercury in the creek water to values below 12 ng/L (the lowest target goal). Similar removal efficiency was also seen in experiments conducted with Ionac SR-4, Keyle:X, and Mersorb. The results from the batch testing are summarized in Table 1 
f This value can be increased by packing the Forager Sponge more tightly.
SHORT-TERM COLUMN STUDIES
The results of the short-term studies conducted at the UEFPC are shown in Figs. 4 and 5. The sorbents SIR-200, Keyle:X, and Duolite GT-73 were found to give the best performance for removal of low-level mercury. A large deviation in the measured mercury concentration in the column inlets indicated a wide variability in mercury levels during the first study. The fractional breakthrough was calculated as the ratio between outlet concentration from a particular column divided by the outlet concentration of the empty column, which operates in parallel. In these short-term tests, SIR-200, Keyle:X, and Duolite GT-73 were able to reduce the mercury concentration to less than the proposed 51-ng/L NPDES limit for water flow rates of less than or equal to 1 BV/min. It is interesting to note that the SR-4 resin, which had been shown to have a high loading capacity for mercury, did not perform as well as the other thiol-based resins. Detailed results of the short-term column study at the UEFPC have been published elsewhere. These results suggest that a significant fraction of the mercury in the wastewater at the NRWTP is associated with particulates. It is likely that the change in performance of the sorbents at different times is associated with changes in the fraction of total mercury that is in a chemically active form. Chlorinating the water, which could convert the bound mercury to an ionic form, improved the performance of some of the sorbents. Overall, the Keyle:X resin gave the best performance with chlorinated water, followed by SIR-200, in the short-term studies at the NRWTP. 
LONG-TERM COLUMN STUDIES
Based on the results from the short-term column studies conducted at both locations, several thiol-based sorbents were selected for use in the long-term studies. In addition to the previously tested sorbents, SAMMS was included in the study. The results of the long-term column studies conducted at the UEFPC and NRWTP are shown in Figs. 9 and 10 for the two best-performing sorbents at each site. Two sorbents, Keyle:X and SIR-200, performed well at the UEFPC for several months. It is interesting to note that these sorbents performed very similarly. The best performance at the NRWTP was noted for a Keyle:X sorbent bed, processing water that had been pretreated with hypochlorite (1-2 mg/L total residual chlorine). At the end of the first segment of the study (Fig. 10) , chlorine was noted in the effluent of the column containing the Keyle:X sorbent; this had not previously been the case. The SAMMS sorbent bed gave the second best performance at the NRWTP. The remaining data collected from the long-term study are displayed in Figs. 11 and 12. As is noted, the other thiol-based sorbents tested performed similarly at both sites. In these figures, 100,000 BV is approximately equal to 7000 L (1850 gal), and the average bed volumes were used to calculate x-axis values. On four sample occasions, filtered (0.2-and 0.45-µm filter) samples were collected from the column effluents. The results are displayed in Figs. 13 and 14 . The results clearly show that a fraction of the mercury in the effluent from each of the sorbent columns can be filtered out. It should be noted that the mercury levels in the effluent from the columns at the NRWTP were quite high during the second of these campaigns, when filtered samples were collected. In Fig. 15 , the filtered effluent concentration has been plotted as a function of the unfiltered effluent concentration for samples taken at the two locations. Trend lines corresponding to the straight-line equations have been added to correlate the data. The implication of the straight-line equation is that a threshold total concentration (7-10 ng/L) exists, below which all mercury would be removed via filtration. This range is lower that the one found during the short-term studies (Fig. 7) . 
MATHEMATICAL MODELING
SHORT-TERM COLUMN STUDIES
Simple kinetic modeling was performed to elucidate the difference in removal efficiency by the sorbents.
The general equations presented by Kawamura et al. 8 can be simplified, assuming that there is very little loading on the sorbents during the experiment, to yield (see Sect. 8 for nomenclature)
and
These equations may be combined and integrated (with respect to z) to yield
The relative size of k p K versus k f gives an indication of the type of resistance (internal or external to the bead) that is dominating the removal efficiency. Generally, a low flow rate may be more likely to have external mass-transfer limitation, while a high flow rate may cause the internal particle diffusion to be rate limiting. The external mass-transfer resistance is usually mathematically predicted, while the internal diffusion is usually measured experimentally. Figure 16 shows modeling of short-term studies of three hypothetical sorbents with different internal diffusivities. The values of k p and k f were calculated using the following correlations: Before fitting the data to Eq. (5), the raw data for the short-term column studies (Figs. 4 and 5 ) conducted at the UEFPC were adjusted (see Fig. 7 ) for the portion of the total mercury that could be filtered out.
The value for k p K was determined to be ~0.35 s -1 for the three thiol-based resins that performed the best.
The Mersorb and GAC had k p K values of about 0.46 and 0.10 s -1 , respectively. Predicted profiles in short-term column studies are plotted in Fig. 17 . It should be noted that this model is for active mercury, not the fraction of the total mercury that remains difficult to adsorb. As a result, the model predicts a zero breakthrough for the lowest flow rates. Predictions to include particle-bound mercury were not attempted, but the shape of the curves should be very similar to those in Fig. 17 , shifted upward to allow for a minimal fractional breakthrough.
5.2LONG-TERM COLUMN STUDIES
Column performance is often mathematically modeled using simplified analytical solutions to the differential equations describing the system. This approach is appropriate where the kinetics and equilibrium are simple. Ruthven has summarized such models and solutions. 9 If a linear equilibrium can be assumed, two equations developed by Rosen can be used to describe the breakthrough. 10 For solid diffusion limitation (external mass transfer can be neglected), Eq. (8) 
If both solid diffusion and external mass transfer must be considered, Eq. (9) may be used:
where 
The mass transfer coefficient for the fluid film may be evaluated from Eqs. (13)- (16): 8, 11, 12 ( )
( )
Another well-known method for predicting breakthrough is presented in Eq. (17). In this case, a linear rate expression that combines dispersion, film mass transfer, and intraparticle diffusion is used:
where
Pressure drop in sorbent columns can be approximated using the following equation: 
In Fig. 18 , the results of modeling efforts are displayed for two different flow rates. All other parameters for the SIR-200 sorbent are listed in Table 2 . As noted when comparing the field data ( Fig. 9 ) with the modeling data, the match is poor. The field data do not show a clear breakthrough pattern that is caused by the loading of the sorbent. Instead, it shows that the effluent concentration is strongly dependent on the inlet concentration and that a slower, more gradual increase is noted than that predicted by the model.
The model also predicts that the sorbent would be fully loaded after treating about 70,000 to 80,000 BV.
However, the field data indicate that the sorbent continues to remove mercury even after 300,000 BV had been treated. One explanation for this may be that the 24-h batch studies were not long enough to reach a true equilibrium, thus resulting in a low calculated value for K D determination. Some indication exists that it takes more than 120 h to reach equilibrium in some cases (data not shown).
The calculated effective diffusivity in the sorbent is quite low, about 100 times lower than the average literature values. 8 Underestimation of K D in the isotherm studies would lead to a lower calculated value of D eff . Another explanation for the high value of D eff may be that colloidal particles are blocking the macropore structure and reducing the pore diffusion. 
WALL EFFECTS
During the course of this work, some sorbent manufacturers raised questions about possible wall effects in small-scale column studies. The following is a theoretical derivation of wall effects in sorption columns with spherical packing based on work published by Martin. 13 For spherical packing materials, the void fraction (ε ) is equal to 0.39. 13 The wall effects occur in a distance within half a particle diameter from the wall of the column. The local porosity at the wall is 1.0 and the minimum porosity is, on average, 0.23 at d/2 from the wall. Thus, a simple model of an adsorption column may be constructed by assuming that the column consists of two sections: an inner core with a uniform porosity of 0.39 and a shell surrounding the core with a thickness of d/2 (Fig. 19) .
The average porosity of the shell is dependent on the diameters of the column and particle and is given by The fraction of the column cross-sectional area where wall effects occur is described in Eq. (23):
Since the porosities of the two sections (core and shell) are different, the flow rate in the two sections will not be the same. The difference in flow may be estimated by setting up a pressure drop-flow rate equation for each of the sections and then setting the pressure drop to be equal. If Ergun's equation 14 is used as the pressure drop-flow rate relationship, the relationship between the empty-bed superficial velocity for the shell and core is given by 
though 11% of the cross-sectional area of the column is in the shell close to the wall. An argument can be made regarding the modeling represented in Fig. 20 15 This results in a more pronounced difference in the fractional breakthrough but predicts that the breakthrough would be in the range of 7-14% at 6 BV/min. This prediction is not supported by the field data, which showed a much higher breakthrough. Thus, if the preceding theoretical approach is sound, it must be concluded that the difference in performance between sorbents in the short-term studies cannot be explained by the wall effects. Instead, particle diameter and low intraparticle diffusion are more likely reasons for the performance difference. This is also supported by the poor performance of the SR-4 and S-920 sorbents in the short-term column studies (Figs. 4 and 5 ).
These sorbents are of the same size as the other resin sorbents. However, they did not perform as well as the others (GT-73, Keyle:X, and SIR-200), again indicating that the internal diffusion is rate limiting. The isotherm constant (K), void fraction, particle diameter, fluid diffusivity, and internal effective diffusivity were 58,500; 0.39; 1.5 mm; 2.9×10 -9 m 2 /s, and 3.0×10 -14 m 2 /s, respectively, in the modeling study.
COST FOR SMALL-SCALE TREATMENT SYSTEMS
The cost for small-scale skid-mounted water treatment systems has been summarized by Gumerman et al. 16 The construction cost as well as operation and maintenance (O&M) costs are shown in Fig. 21 as a function of the active bed volume for a pressure GAC system. The construction cost includes columns of 5-ft bed depth with various diameters, piping, surface and backwash pumps, equipment housing, and an initial charge of carbon. Not included are supply water handling (e.g., pumps), water preconditioning (e.g., filtration), and carbon handling (e.g., feed hopper, conveyers). Only the largest design includes two columns. The 1998 cost was extrapolated from the 1983 cost by using the Chemical Engineering Index.
Electricity and labor cost were estimated at $0.10/kWh and $40/h, repectively. It should be noted that the calculation of O&M costs assumes that the system is automated with only routine maintenance required.
The annual cost of carbon replacement was not included in the O&M cost but may be estimated from Fig.   22 , where the cost is displayed as function of bed volume for different replacement frequencies. The replacement frequency depends on the loading capacity of mercury on the GAC. Since most adsorption systems use two columns in series, another estimate was prepared based on data for ion-exchange systems, constructed with the total bed volume divided into two equal-size columns.
The 1998 construction cost for such system is shown in Fig. 23 . If the target removal efficiencies can be reached with either a carbon-or a sorbent-based system, the properties of the sorbent-based system must offset the higher cost of the sorbent. 
CONCLUSIONS
In conclusion, the thiol-based resins gave the best performance when removing low concentrations of mercury in water at two DOE facilities in field experiments. It was difficult to achieve the targeted low nanogram-per-liter levels at both sites; however the resins removed a substantial amount of mercury. This is attributed to the mercury speciation, since filtration tests have shown that a significant portion of the mercury at each test location is particle bound or associated with particulate and colloidal matter. Due to the scattering of data, mathematical modeling was limited to predict the behavior of active mercury.
Since the field samples contained a substantial amount of particle-bound mercury, the mathematical models did not represent the field data very well. Nevertheless, it was useful to predict the performance of these sorbents at very low concentrations of mercury.
The engineered SAMMS material proved to be as effective in removing mercury at the NRWTP as the best of the other sorbents. The material performed almost as well as some of the best sorbents at the UEFPC. The best performing sorbents were SAMMS; Keyle:X, by SolmeteX, Inc.; and SIR-200, by ResinTech, Inc. It was also found that the Keyle:X performed better at the NRWTP when the water was pretreated with hypochlorite to oxidize some mercury species.
Mathematical modeling was also used to investigate the possible wall effects in the small-scale studies.
Based on a theoretical derivation of relationships for wall effects, supported by the field data, it was concluded that wall effects played a very minor role in the experiments. The most important factor that governed the performance of the sorbents at high flow rates was the diffusion of mercury inside the sorbent. It was found that the values for the effective diffusivities were quite high, possibly due to blockage of macro pores by the particulates.
Estimation of construction costs for treatment systems indicated that the specialized sorbents would have to operate at flow rates 3 to 6 times higher than that of a comparable GAC system in order to have the same construction cost. The sorptive capacity of the specialized sorbents would need to be substantially higher than that of the GAC. 
